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Ab st rac t 
This paper desc r ibes  the  development of a nonl inear  dynamic model f o r  
l a r g e  o s c i l l a t i o n s  of a r o b o t i c  manipulator arm about a s i n g l e  j o i n t .  Optimi- 
z a t i o n  r o u t i n e s  a r e  formulated and implemented f o r  the i d e n t i f i c a t i o n  of 
e l e c t r i c a l  and physical  parameters from dynamic d a t a  taken from an i n d u s t r i a l  
robot  arm. Spec ia l  a t t e n t i o n  i s  .given t o  d i f f i c u l t i e s  caused by l a r g e  sens i -  
t i v i t y  of the model with r e spec t  t o  unknown parameters.  Performance of the 
parameter i d e n t i f i c a t i o n  algori thm is  improved by choosing a con t ro l  i npu t  
t h a t  a l lows a c t u a t o r  emf t o  be included i n  an electro-mechanical model of the  
manipulator  system. 
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1. INTRODUCTION 
The purpose of t h i s  r e sea rch  i s  t o  develop and i n v e s t i g a t e  methods f o r  
i d e n t i f y i n g  parameters i n  a dynamic model of a r o b o t i c  manipulator.  Such 
methods a r e  important f o r  determining models t h a t  se rve  as the  b a s i s  f o r  the  
des ign  of manipulators  and of con t ro l  a lgori thms f o r  manipulators  [2 ,  7, 81. 
Because the  parameter i d e n t i f i c a t i o n  must be based on input  and output  d a t a  
from an assembled manipulator ,  which a c t s  under g r a v i t y  and has  poss ib ly  com- 
p l i c a t e d  j o i n t  f r i c t i o n ,  t h e  dynamic model i s  a nonl inear  d i f f e r e n t i a l  equa- 
t i o n ,  which must be solved numerically.  
The approach used t o  da t e  i s  t o  employ a nonl inear  search  rou t ine  t o  
minimize a quadra t i c  f i t- to-data c r i t e r i o n  formed using the  experimental  d a t a  
and the  s o l u t i o n  t o  the  model equat ion.  This method has been appl ied  t o  a 
Unimation 600 Puma arm, with d a t a  obtained by F. W. Harr ison i n  the I n t e l -  
l i g e n t  Systems Robotics Laboratory a t  t he  NASA Langley Research Center.  
Sect ion 2 desc r ibes  the  mathematical model of the  manipulator am and the 
parameters  t o  be i d e n t i f i e d .  Sect ion 3 desc r ibes  the parameter i d e n t i f i c a t i o n  
scheme and the  computer a lgori thms used. In Sec t ion  4, the  experiment i s  d i s -  
cussed i n  more d e t a i l ,  a long with some pre l iminary  d a t a  reduct ion  and a n a l y s i s  
of motor parameters. 
In  Sect ion 5 ,  we analyze the  s e n s i t i v i t y  of  the  manipulator model with 
respec t  t o  small pe r tu rba t ions  i n  parameters. The s o l u t i o n  t o  the  model equa- 
t i o n  i s  very  s e n s i t i v e  t o  such pe r tu rba t ions  when the  input  t o  the  model i s  
the  torque appl ied  t o  the  arm. In some parameter es t imat ion  problems, h igh  
parameter s e n s i t i v i t y  i s  d e s i r a b l e  because i t  allows unknown parameters t o  be 
est imated from no i sy  da ta .  However, t he  experimental  d a t a  t h a t  we have used 
i n  t h i s  research  has ve ry  l i t t l e  no ise ,  and very h igh  parameter s e n s i t i v i t y  
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repea ted ly  has prevented the search  r o u t i n e  i n  our  i d e n t i f i c a t i o n  procedure 
from converging. 
Also, we should note  t h a t  a model very s e n s i t i v e  t o  parameter v a r i a t i o n s  
produces u n r e l i a b l e  s imula t ions ,  s i n c e  the  model parameters a r e  impossible t o  
i d e n t i f y  e x a c t l y  and s i n c e  some physical  parameters i n  any manipulator can 
vary  with time. The a n a l y s i s  i n  Sec t ion  5 sugges ts  both the cause and the  
cure f o r  the  undes i rab ly  l a r g e  parameter s e n s i t i v i t y .  We reduce t h i s  sens i -  
t i v i t y  by inc luding  the  back e lec t romot ive  fo rce  i n  the  equat ion  of motion f o r  
t h e  model and making the input  the  motor vo l t age  r a t h e r  than the  torque ex- 
e r t e d  on the  am. 
In  Sect ion 6 ,  we d i s c u s s  the r e s u l t s  of t he  parameter es t imat ion  rou t ines  
and d e r i v e  va lues  f o r  e l e c t r i c a l  and mechanical model parameters t h a t  a r e  con- 
s t a n t  over the  du ra t ion  of our experiment.  
2. MANIPULATOR MODEL 
In  the  example i n  t h i s  paper ,  we a t tempt  t o  i d e n t i f y  i n e r t i a  parameters 
and j o i n t  damping f o r  the robot shown i n  Figure 1. To minimize the number of 
unknown parameters ,  we chose input /output  d a t a  from an experiment with a l l  
j o i n t s  bu t  the  shoulder  locked. The manipulator  arm then i s  a r i g i d  body 
moving i n  a v e r t i c a l  plane,  with the one degree of freedom. The equat ion of 
motion f o r  the  model i s  
.. - mgrsin0 + h(6)  = Nu(t )  (2.1) I O 0  
where 0 = e2 ( s e e  Figure 1) is the  angle  between the  arm and the upward 
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, 
v e r t i c a l  and u is the  con t ro l  torque suppl ied by the  e l e c t r i c  motor 
( a c t u a t o r )  a t  t h e  j o i n t  i n  quest ion.  The damping term h(6) r ep resen t s  
f r i c t i o n  i n  both the  j o i n t  and the motor; is the  moment of i n e r t i a  about 
t he  appropr i a t e  j o i n t ,  m i s  the mass of the  arm, g is the  a c c e l e r a t i o n  of 
g r a v i t y ,  and r i s  the  d i s t a n c e  from the  j o i n t  a x i s  t o  the  armcs c e n t e r  of 
mass, and N i s  the  gea r  r a t i o .  
Io 
We w i l l  a l s o  use the  fol lowing equat ions r e l a t i n g  motor to rque ,  motor 
c u r r e n t  ( i ) ,  and motor te rmina l  vo l t age  ( v )  
u = K i  (2 .2)  t 
where Kt i s  the torque cons t an t ,  R i s  the  motor r e s i s t a n c e ,  and Ke i s  the  
back emf cons tan t .  Equation (2 .3)  assumes the motor inductance is  negl i -  
g i b l e .  The accuracy of these  equat ions is d iscussed  i n  Sec t ion  4. 
The b a s i c  idea  of t he  parameter i d e n t i f i c a t i o n  scheme i s  t o  f i n d  
parameters  f o r  (2.1) so t h a t  t h e  s o l u t i o n  t o  t h i s  d i f f e r e n t i a l  equat ion  
matches t h e  measured angle  as c l o s e l y  as poss ib l e  a t  the  sampling t imes.  
Because we cannot i d e n t i f y  a l l  of the  parameters i n  (2.1) from the experiment 
descr ibed ,  we must d e f i n e  a minimal set  of parameters f o r  t h i s  model. 
Therefore ,  we r e w r i t e  ( 2 . 1 )  as 
t 
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where a = mgr/Io, 8 = l/Io, and we have parameterized the  damping term h ( 6 )  
i n  (2.1) a s  f ( c l ,  c 2 ,  6 ) .  
I n  t h i s  paper we w i l l  use a piecewise l i n e a r ,  direction-dependent damping 
model of the  form 
(,,e, 8 < 0. 
Note t h a t  t h i s  model allows l i n e a r  v i scous  damping as the s p e c i a l  case  
c1 - c 2 ,  but allows the parameter e s t ima to r  t o  check f o r  asymmetry i n  the  
damping parameters.  Our b e s t  r e s u l t s  have been obtained with t h i s  f r i c t i o n  
model. A comparison of (2.5) wi th  l i n e a r  and quadra t i c  damping may be found 
i n  131. 
We w i l l  r e f e r  t o  the  s e t  of parameters i n  (2 .2)  by the  parameter vec to r  
3. PARAMETER IDENTIFICATION 
An experiment performed on a time i n t e r v a l  [to, tf 1 y i e l d s  d a t a  U( t i )  
and y ( t i ) ,  ti = to,  to + tS,  ..., t f ,  where y( ti) is the  j o i n t  angle  
measured from the  v e r t i c a l  a t  t i m e  We denote  the  measured angle  
the  da t a )  by y ( t i )  t o  d i s t i n g u i s h  i t  from e ( t ) ,  the  s o l u t i o n  
model equat ion  (2.1). For the  d a t a  used here ,  t he  sampling r a t e  was 30 
so  t h a t  
ti . ( i . e . ,  
t o  t h e  
Her tz ,  
= 1/30 sec .  ts = ti+l - ti 
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With the known command torque u ( t )  and a set  of t r i a l  parameters,  we 
s o l v e  ( 2 . 4 )  on the  i n t e r v a l  [ t o , t f ]  and form the  f i t - t o -da ta  c r i t e r i o n  
( 3 . 2 )  
The parameter i d e n t i f i c a t i o n  then c o n s i s t s  of f i nd ing  the  parameter vec to r  
q t o  minimize J(q) .  Usually,  rn take the  i n i t i a l  time to > 1 sec .  
because we suspect  some e r r o r  i n  the  d a t a  near the  beginning of the  experiment 
due t o  t r a n s i e n t s  i n  e l e c t r o n i c s .  Therefore ,  i n  some cases  we know t h a t  t h e  
i n i t i a l  angular v e l o c i t y  i s  zero,  bu t  i n  most cases we must estimate it us ing  
f i n i t e  d i f f e r e n c e s  obtained from the pos i t i on  measurement. 
To solve ( 2 . 4 ) ,  we use  a fourth-order Runge-Kutta a lgori thm with v a r i a b l e  
s t e p  s i z e  [51. We t r i e d  using the numerical i n t e g r a t o r s  WEAR and DVERK i n  
the  IMSL l i b r a r y ,  b u t  both of these  r o u t i n e s  o f t e n  hung up--i.e., t he  s t e p  
s i z e  was reduced t o  zero--where the  manipulator arm turned.  This was espe- 
c i a l l y  troublesome f o r  models with piecewise continuous damping and Coulomb 
f r i c t i o n .  The s tep-s ize  con t ro l  i n  our f i n a l  Runge-Kutta rou t ine  does not 
a l low the  s t e p  s i z e  t o  f a l l  below a s p e c i f i e d  minimum. 
For minimizing J(q)  we used the subrout ine  ZXSSQ from the IMSL l i b r a r y ,  
which is  a Levenberg-Marquardt a lgori thm I4 ] t h a t  approximates g r a d i e n t s  by 
f i n i t e  d i f f e rences .  It a l s o  es t imates  the  Hessian. Hence we assume c e r t a i n  
smoothness and l o c a l  convexi ty  of J(q) and the performance of the  algori thm 
i n d i c a t e s  t h a t  t hese  assumptions a r e  v a l i d .  
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4. MTA COLLECTION AND ANALYSIS 
Experimental d a t a  was co l l ec t ed  by F. W. Harrison i n  the  I n t e l l i g e n t  
Systems Robotics Laboratory (ISRL) a t  NASA Langley Research Center. The sub- 
j e c t  of the experiments was a LJNIMATE PUMA i n d u s t r i a l  robot with s i x  degrees  
of freedom. A schematic [ l ]  of the robot arm with r o t a t i o n a l  j o i n t s  i s  shown 
i n  Figure 1. The experiment descr ibed below was performed by r o t a t i n g  only 
the  shoulder  ( j o i n t  2) wi th  j o i n t  1 f ixed  and a l l  o t h e r  j o i n t s  locked i n  a 
c o l l i n e a r  pos i t i on .  
The purpose of t h i s  experiment was t o  ga the r  input  and output  d a t a  f o r  
dynamic models. The arm w a s  i n i t i a l i z e d  i n  a v e r t i c a l ,  upr ight  p o s i t i o n  and 
then  commanded t o  r o t a t e  about j o i n t  2 w i th  vary ing  frequency and amplitude. 
During t h i s  o s c i l l a t i o n ,  512 measurements of t h e  j o i n t  angle  i n  rad ians  
(Figure 2 ) ,  t h e  motor cu r ren t  (F igure  3 ) ,  and the motor terminal vo l t age  
(F igu re  4 )  were taken  a t  a frequency of 30 Hertz. The motor cu r ren t  w a s  
measured by the  vo l t age  drop ac ross  a known r e s i s t a n c e .  The angular  v e l o c i t y  
of the  arm ca lcu la t ed  by c e n t r a l  d i f f e r e n c e s  is shown i n  Figure 5. 
A l i n e a r  leas t - squares  regress ion  was performed t o  i d e n t i f y  motor para- 
meters  and tes t  t h e  v a l i d i t y  of motor equa t ion  (2.3) which assumes n e g l i g i b l e  
inductance.  Regression i d e n t i f i e d  the motor r e s i s t a n c e  as 2.59 ohms and the  
back emf constant  as 0.238 vol ts-sec a f t e r  f a c t o r i n g  out  a g e a r  r a t i o  f o r  
j o i n t  2 of 107.8. The gear  r a t i o  was suppl ied  by Don Soloway of ISRL. The 
l e f t  and right-hand s i d e s  of equat ion  (2.3) f o r  these  parameter va lues  are  
compared i n  Figure 6 where they  show c l o s e  agreement. 
A s t a t i c  experiment had been e a r l i e r  performed on j o i n t  2 t o  t e s t  the  
v a l i d i t y  of equat ion ( 2 . 2 )  which assumes a l i n e a r  r e l a t i o n s h i p  between motor 
torque and motor cu r ren t .  The c o r r e l a t i o n  c o e f f i c i e n t  was ca l cu la t ed  as 
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0.999. This experiment and da ta  a r e  d iscussed  i n  [ 3 ] .  For t h i s  reason t h e  
cu r ren t  d a t a  taken i n  t h i s  experiment was used as an accu ra t e  measurement of 
motor torque a f t e r  mul t ip ly ing  by the  torque constant .  Since i n  the  u n i t s  
used here the  torque constant  and back emf cons tan t  a r e  numerical ly  equa l ,  we 
used Kt = .238 N-m/amp i n  equat ion  ( 2 . 2 ) .  
5. SENSITIVITY ANALYSIS 
We have found t h a t  t h e  s o l u t i o n  t o  ( 2 . 4 )  is  very  s e n s i t i v e  with r e spec t  
t o  small v a r i a t i o n s  i n  the  c o e f f i c i e n t s  o r  the  i n i t i a l  condi t ions  when t h e  in- 
pu t  u i s  the torque exer ted  by t h e  motor. F igures  7 and 8 show the  e f f e c t  
on a s o l u t i o n  t o  ( 2 . 4 )  of one percent  pe r tuba t ions  i n  the parameters f3 
and c1. 
Tables 1A and 1B i l l u s t r a t e  t he  e f f e c t  of t h i s  high parameter s e n s i t i v i t y  
on the parameter i d e n t i f i c a t i o n  algorithm. The s e n s i t i v i t y  has  prevented u s  
from obta in ing  any reasonable  f i t  t o  the  d a t a  over t he  e n t i r e  experiment. The 
parameters f o r  i t e r a t i o n  3 i n  Table 1A y i e l d  the  b e s t  f i t  t h a t  we have found 
f o r  t he  d a t a  between 1 second and 6 seconds.  The l a r g e  v a r i a t i o n s  i n  t h e  mod- 
e l  trajectory produced by small parameter variations lead to large and unpre- 
d i c t a b l e  v a r i a t i o n s  i n  the  ob jec t ive  J. For t h i s  reason the  numerical 
op t imiza t ion  scheme can not  be r e l i e d  upon t o  l o c a t e  good model parameters  
even when they  e x i s t  and l i e  c lose  t o  the  i n i t i a l  guess (compare Tables 1A and 
1B). 
To analyze t h e  s e n s i t i v i t y  of the model i n  Sec t ion  2 ,  w l e t  z ( t )  be 
the  p a r t i a l  d e r i v a t i v e  of e ( t )  
a ,  6, c1, 5' Then z ( t )  s a t i s f i e s  
with r e spec t  t o  one of the  parameters 
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(5.1 1 
whe r e  
a l ( t )  = a c o s M t ) ,  
The func t ion  g v a r i e s  according t o  the  parameter i n  quest ion.  For example, 
i f  t he  parameter is c1 then 
(5.4) 
The i n i t i a l  condi t ions  a r e  z ( 0 )  = 0, g ( 0 )  = 0 and there  i s  a jump i n  the  
va lues  of z and k a t  those poin ts  where 8 = 0. Since a l ( t )  is 
p o s i t i v e  f o r  t he  experiment from which our da ta  w a s  obtained,  we expect the  
homogeneous s o l u t i o n  t o  (5.1) t o  be uns t ab le ,  so t he  s e n s i t i v i t y  of O(t)  
with respec t  t o  a small pe r tu rba t ion  i n  c1 should increase  with t .  
Since a l (  t )  v a r i e s  r e l a t i v e l y  s lowly dur ing  c e r t a i n  time i n t e r v a l s ,  i t  
should be re levant  t o  consider  t he  case f o r  cons tan t  pos i t i ve  
mat r ix  fo r  the  l e f t  s i d e  of (5.1) is 
a l .  The system 
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whose eigenvalues  are  
(5.6) s = (-a2 * [ a 2   + 4 a l ~ 1 / 2 ) / 2 .  
As a 2  i n c r e a s e s ,  the  s t a b l e  e igenvalue becomes more s t a b l e ,  and f o r  s u f f i -  
c i e n t l y  l a r g e  a2, t h e  uns tab le  e igenvalue approaches zero ,  though remaining 
p o s i t i v e .  
High s e n s i t i v i t y  wi th  respec t  t o  i n i t i a l  v e l o c i t y  is  a l s o  a problem 
because we a t tempt  t o  f i t  the  da t a  on an  i n t e r v a l  s t a r t i n g  about one second 
i n t o  the  experiment and must approximate t h e  i n i t i a l  angular  v e l o c i t y  by a 
f i n i t e  d i f f e rence .  For the  s e n s i t i v i t y  of e ( t )  with respec t  t o  the  i n i -  
t i a l  va lue  of 6 ( t ) ,  t he  s e n s i t i v i t y  equat ion  i s  (5.1) wi th  g ( t )  = 0 and 
z ( 0 )  = 0, g ( 0 )  = 1. The same d i scuss ion  of s t a b i l i t y  a p p l i e s ,  bu t  here  i t  is 
i n t e r e s t i n g  t o  note  t h a t  t h e  e igenvec tors  of A are [ l  sIT. If  a2  be- 
comes l a r g e ,  not only does the  uns tab le  s become small, bu t  the  component 
of [ z ( O )  k(0 ) lT  along the  uns tab le  e igenvec tor  approaches zero.  
S e n s i t i v i t y  a n a l y s i s ,  then ,  sugges ts  t h a t  we might reduce the. d i f f i c u l -  
t i e s  caused by excess ive  s e n s i t i v i t y  w i t h  r e spec t  t o  both unknown parameters 
and i n i t i a l  angular  v e l o c i t y  by inc reas ing  the  damping i n  t h e  model. 
For tuna te ly ,  we can accomplish t h i s  by us ing  t h e  motor vol tage  i n s t e a d  of the 
motor torque as the  input  i n  (2.1). 
Solving f o r  u ( t )  i n  equat ions (2.2) and (2.3)  and s u b s t i t u t i n g  the  
r e s u l t  i n t o  (2.1) has the  e f f e c t  of adding a damping term due t o  back emf t o  
t h e  f r i c t i o n  term. Using the  damping model (2 .5) ,  t h e  equat ion t o  be solved 
f o r  8 becomes 
, 
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(5.7 1 
.. 
e - a s i n e  + f ( F l ,  Z 2 ,  6) = f fv  
where (5.7) may be compared with (2 .4 )  by the equat ions  
(5.9) 
N c = c + BK K N/R, = 1 , 2 .  
i i t e  
Although much of t h i s  ana lys i s  r e s t s  on pretending t h a t  a time-varying 
c o e f f i c i e n t  i n  the  s e n s i t i v i t y  equat ion  is  cons tan t ,  we be l ieve  t h a t  i t  is  
r e l e v a n t  because numerical  r e s u l t s  i n d i c a t e  t h a t  t h e  s o l u t i o n  t o  (5.7) is 
indeed much l e s s  s e n s i t i v e  t o  small  v a r i a t i o n s  i n  both model parameters and 
i n i t i a l  angular  v e l o c i t y .  F igures  9 and 10 show the  s e n s i t i v i t y  of the  solu- 
t i o n  t o  (5.7) with r e spec t  t o  small  changes i n  B and c z ,  respec- 
t i v e l y .  The inpu t  v i s  t h e  measured motor vol tage  i n  Figure 4 .  The va lues  
of c1 and c2 a r e  much l a r g e r  than  i n  Figures  7 and 8 because they  
inc lude  t h e  back emf ' te rm as shown i n  (5.8) and (5.9). 
N 
N N 
The reduced parameter s e n s i t i v i t y  t h a t  r e s u l t s  from inc luding  the back 
emf i n  the  l e f t  s i d e  of (5.7) allows the  sea rch  rou t ine  i n  our parameter iden- 
t i f i c a t i o n  algori thm t o  converge n i c e l y  from i n i t i a l  guesses  corresponding t o  
those  i n  Table 1 ( see  Table 2 ) .  We f ind  i t  i n t e r e s t i n g  t h a t  inc luding  a phys- 
i c a l  term a c e r t a i n  way i n  t h e  model e l imina te s  a numerical d i f f i c u l t y  from 
t h e  parameter i d e n t i f i c a t i o n  problem. The l e s s  s e n s i t i v e  model a l s o  y i e l d s  
much more r e l i a b l e  s imula t ions .  
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6. FINAL PARAMETER IDENTIFICATION RESULTS 
The i t e r a t i v e  parameter es t imat ion  r o u t i n e  descr ibed i n  Sec t ion  3 was 
app l i ed  t o  model ( 2 . 4 )  on the  time i n t e r v a l  l1.0, 6.01. The r e s u l t s  f o r  two 
similar i n i t i a l  guesses  a r e  given i n  Tables 1A and 1B. A s  shown i n  these  
t a b l e s ,  t h e  parameter e s t ima t ion  rou t ine  i s  uns t ab le  and the  cos t  func t ion  
( 3 . 2 )  may become q u i t e  l a r g e  even f o r  a good i n i t i a l  guess .  
The r e s u l t s  of the same rou t ine  f o r  t he  desens i t i zed  model (5.7) with 
i n p u t  given i n  Figure 4 a r e  given i n  Tables 2A and 2B. The i n i t i a l  guesses  
were computed from the  i n i t i a l  guesses f o r  the  corresponding Tables 1A and 1 B  
by equat ions  (5.8) and (5.9) using motor parameter va lues  obtained i n  Sec t ion  
3. The procedure shows convergence t o  low c o s t  va lues  on the  time i n t e r v a l  
[1.0, 6.01. 
Table 3 shows the  r e s u l t s  of an i t e r a t i v e  procedure t o  o b t a i n  robus t  
parameter e s t ima tes  over the  e n t i r e  experiment. This t a b l e  shows the  va lues  
t o  which the e s t ima t ion  rou t ine  converged using success ive ly  longer  time in- 
t e r v a l s .  The converged va lues  were used as the  i n i t i a l  guess  f o r  t he  follow- 
i n g  i n t e r v a l .  The optimal parameter va lues  show l i t t l e  change between t h e  
i n t e r v a l s  [ l . O ,  11.01 and t l .0 ,  17.01. This i n d i c a t e s  t h a t  a model developed 
with d a t a  on r1.0, 11.03 can p red ic t  t he  behavior of the  system on [11.0, 
17.01. Figure 11 shows the  f i t - to -da ta  of model (5.7) using the  f i n a l  param- 
e t e r  va lues  i n  Table 3 over  the  i n t e r v a l  [1.0, 17.01. The graphs of model and 
da ta  are  almost i n d i s t i n g u i s h a b l e  i n  t h i s  f i g u r e .  
The o v e r a l l  electro-mechanical model is reviewed i n  Table 4 along with 
our  bes t  e s t ima tes  of i t s  parameters. The e l e c t r i c a l  parameters (R, $, Kt) 
a re  those  obtained i n  Sect ion 3 from the  d a t a  f i t  i n  Figure 6. The gea r  r a t i o  
(N) w a s  suppl ied  by ISRL. The phys ica l  parameters  (Io, mgr, damping 
-12- 
N n9 
c o e f f i c i e n t s )  were obtained from t h e  va lues  of given i n  
Figure 11. It should be noted t h a t  s i n c e  the  manipulator was not  disassembled 
f o r  t h i s  experiment,  t h e s e  es t imates  a r e  e f f e c t i v e  values  f o r  l i n k s  2 through 
6 with an  end-effector  a t tached .  These va lues  w i l l  va ry  according t o  the  type  
of end-ef f e c t o r  and payload. 
a ,  E, c l ,  and c 2 
7. CONCLUSION 
Our experience i n d i c a t e s  the importance of a c t u a t o r  e f f e c t s  i n  the  devel- 
opment of robust  dynamic models f o r  t he  motion of a r o b o t i c  manipulator  arm. 
Inc luding  n a t u r a l  damping due t o  back emf improved the  performance of both the  
numerical  i n t e g r a t o r  f o r  so lv ing  the  non l inea r  equat ion  of motion and the  nu- 
merical opt imizer  f o r  e s t ima t ing  parameters.  Among the f r i c t i o n  models w 
s t u d i e d ,  t he  model a l lowing direction-dependent damping c o e f f i c i e n t s  was the  
most success fu l .  
We did not  inc lude  h igher  order  a c t u a t o r  e f f e c t s  such a s  d r i v e  s h a f t  
f l e x i b i l i t y  which have been found t o  be s i g n i f i c a n t  i n  some s e t t i n g s  [6 ] .  Our 
r e s u l t s  i n d i c a t e  t h a t  f o r  t h i s  experiment,  h ighe r  o rde r  ac tua to r  dynamics d id  
n o t  improve the  e x c e l l e n t  f i t - to-data  r e s u l t s  obtained with a s impler  model. 
In  cont inuing research  we p lan  t o  t es t  the  model over  a v a r i e t y  of complex 
motions of the r o b o t i c  manipulator  arm. 
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i t e r a t i o n  
0 * 
1 
2 
3 
i t  e r a t  i on  
0 
1 
2 
3 
4 
Table 1A. Torque Input Model 
Time I n t e r v a l :  1 s e c  - 6 s e c  
a B c1 c2 J 
13.00 16.00 4.000 4.000 399.0 
13.15 16.10 4.400 4.074 159.0 
12.95 16.03 3.910 3.980 94.4 
12.96 16.04 3.908 3.985 .227 
Table 1B. Torque Input Model 
Time In t e rva l :  1 sec - 6 s e c  
a B c1 c2 J 
14.00 16.00 4.000 4.000 754.0 
19.25 9.89 16.38 -7.630 174.0 x lo4  
16.76 13.02 12.72 -8.580 630.0 
14.25 16.45 14.54 -1.940 310.0 x lo7 
16.54 13.32 12.89 -0.950 600.0 
* 
The i t e r a t i o n  number 0 i n d i c a t e s  parameters  suppl ied  t o  the  i d e n t i f i c a t i o n  
a lgor i thm as s t a r t i n g  va lues .  
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Table 2A. Voltage Input Model 
Time I n t e r v a l :  1 s e c  - 6 sec 
N N 
J ij c1 c2 i t  e ra t  ion  a 
0 13.00 1.470 41.71 41.71 0.5800 
1 11.21 1.500 41.40 41.93 0.0230 
2 11.71 1.700 47.46 48.37 0.0057 
Table  2B. Voltage Input  Model 
Time In t e rva l :  1 s e c  - 6 sec 
J N N c1 c2 i t  e ra t  ion  a 57 
1.470 41.71 41.71 1.4200 0 14.00 
1 11.98 1.507 41.52 41.87 0.0410 
2 11.67 1.700 47.27 48.16 0.0058 
Table  3 .  Voltage Input  Model Parameters I d e n t i f i e d  
on Increas ing  Time I n t e r v a l s  
J N N 8 c1 c2 i n t e r v a l  a 
1 sec - 6 sec 11.71 1.700 47.46 48.37 0.0057 
1 sec - 11 sec 14.84 1.746 48.36 48.15 0.0290 
1 sec - 13 sec 14.94 1.749 48.38 48.14 0.0360 
1 sec - 17 s e c  14.94 1.749 48.38 48.14 0.0470 
-1 7- 
Table 4. 
Model equat ions:  
.. 
100 - rngrsin0 + h(p l ,  p 2 ,  6 )  = Nu 
u = K$ 
R i  + KeN6 = v 
Ill& B > 0 
"6, 6 < 0 
h(Il l ,  112, 6) = 
Parameter e s t ima tes  based on the  model parameters i n  Figures  6 and 11: 
Par ame t e r 
IO 
5 
p2 
K t  
Ke 
rngr 
R 
N 
Pa ramet e r 
Def in i t i on  
e f f e c t i v e  moment of i n t e r t i a  
g r a v i t a t i o n a l  torque 
viscous damping c o e f f i c i e n t  
viscous damping c o e f f i c i e n t  
motor r e s i s t a n c e  
torque constant  
back emf cons tan t  
g e a r  r a t i o  
Es t ima t e 
5.67 kg-m2 
84.76 N-m 
19.65 N-m-sec 
18.29 N-m-sec 
2.588 ohms 
0.238 N-m/amp 
0.238 vol t s -sec  
107.8* 
* 
not  es t i m a t  ed 
26 .0  in. 
I 
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WAIST ROTATION, e1 
Jib SHOULDER ROTATION, e2 
A- ELBOW ROTATION, e3  
I 
I 
I 
I 
I 
I 
I 
I 
d 
\\ Y 17.'0 in. WRIST BEND, e c  
:ROBT HAND MOUNTING 
I 
WRIST ROTATION, e 4  
Figure 1. Robot arm with rotational joints [ l ] .  
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J O I N T  2, MEASURED P O S I T I O N  (radians) 
data taken at 30 Hertz t 
Figure 2 
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-4 .0  
JOINT 2, MEASURED MOTOR CURRENT (amps) 
data taken a t  30 Hertz 
Figure 3 
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JOINT 2, MEASURED MOTOR VOLTAGE ( v o l t s )  
data taken a t  30 Hertz 
J 
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Figure 4 
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JOINT 2, ANGULAR VELOCITY (rad/sec) 
computed by central difference at 30 Hertz 
Figure 5 
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JOINT 2, MOTOR PARAMETER ESTIMATION 
i 
-c 
15.C 
Figure 6. dashed curve -- measured motor voltage in volts 
solid curve -- modeled motor voltage in volts 
model = 2.588*current + 25.68*(angular velocity) 
/ 
see) 
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JOINT 2, MOTOR TORQUE INPUT 
PARAMETER SENSITIVITY (p) 
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Figure 7 
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JOINT 2, MOTOR TORQUE INPUT 
PARAMETER SENSITIVITY (cl) 
dashed solid 
12.96 12.96 
16.04 16.04 
cl 3.908 3.947 
c2 3.985 3.985 
Figure 8 
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JOINT 2, COMMANDED VOLTAGE INPUT 
PARAMETER SENSITIVITY (5) 
.L dashed solid 
11.71 11.71 
1.700 1.717 
51 41.46 41.46 
E2 48.37 48.31 
Figure 9 
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Figure 10 
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JOINT 2, PHYSICAL PARAMETER ESTIMATION = 14.94 
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Figure 1 1 .  dashed curve -- measured posit ion in  radians 
s o l i d  curve -- modeled posit ion i n  radians 
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